The origin of the recombination-activating genes (RAGs) is considered to be a foundation hallmark for adaptive immunity, characterised by the presence of antigen receptor genes that provide the ability to recognise and respond to specific peptide antigens. In vertebrates, a diverse repertoire of antigen-specific receptors, T cell receptors and immunoglobulins is generated by V(D)J recombination performed by the RAG-1 and RAG-2 protein complex. RAG homologues were identified in many jawed vertebrates. Despite their crucial importance, no homologues have been found in jawless vertebrates and invertebrates. This paper focuses on the RAG homologues in humans and other vertebrates for which the genome is completely sequenced, and also discuses the main contribution of the use of RAG homologues in phylogenetics and vertebrate evolution. Since mutations in both genes cause a spectrum of severe combined immunodeficiencies, including the Omenn syndrome (OS), these topics are discussed in detail. Finally, the relevance to genomic diversity and implications to immunomics are addressed. The search for homologues could enlighten us about the evolutionary processes that shaped the adaptive immune system. Understanding the diversity of the adaptive immune system is crucially important for the design and development of new therapies to modulate the immune responses in humans and/or animal models.
Introduction
When the adaptive immune system arose, approximately 500 million years ago, it provided ancient vertebrates with the ability to recognise sets of amino acids and respond specifically to them. Before the development of the adaptive system, organisms were fated to dealing with environmental molecules in a much simpler and less specific manner; that is, by recognising structural patterns and responding to them in a pre-scripted manner. 1, 2 The inauguration of the adaptive immune system allowed the ancestors of jawed vertebrates to mount sophisticated responses to a varied panel of molecules -from environmental particles, such as allergens, to intracellular parasites and from viruses to intestinal helminthes. Moreover, the adaptive immune system provided these animals with immunological memory. After mounting an effective response against a certain microorganism, the immune system retains the ability rapidly to recognise and neutralise the same microorganism at the onset of a second encounter. This ability to retain memory of previously encountered peptides is the basis for vaccination.
The ability to identify a set of amino acids depends on the presence of antigen-specific receptors. Antigen-specific receptors comprise T cell receptors (TCRs) and immunoglobulins (Igs or antibodies). An organism's antigenspecific receptors comprise a panel of receptors bearing different specificities being clonally expressed. The higher the variability of the receptors that an organism is capable of expressing, the larger the number of different sets of amino acids that its cells will be able to recognise.
The antigen-specific receptor binding sites are the products of the germline recombination of gene segments named V (variable), D (diversity) and J (joining) within the precursors of Tand B cells. In humans, these segments are organised in a translocon configuration -that is, a large number of gene segments are grouped together. 3 Several V gene segments lie upstream of grouped D gene segments, which are localised upstream of J gene segments. Recombination of one segment from each group will result in an antigen-specific receptor. The combination of these gene segments is known as V(D)J recombination, and results in a variety of receptors that recognise different peptides, providing the system with a repertoire of possible responses. 3 Each gene segment is flanked by elements known as recombination signal sequences, which are conserved heptamer and nonamer sequences, separated by a 12-or 23-base pair spacer. 4 When two segments are brought together for joining, further combinatorial variation might occur by addition of nucleotides between the fragments by the terminal deoxynucleotidyl transferase, a template-independent polymerase. 5 The V(D)J recombination is performed by a complex containing the product of the recombination-activating genes (RAGs). 6, 7 RAG-1 and RAG-2 were first discovered when these authors attempted to identify the 'recombinase' responsible for V(D)J recombination. 8 The origin of RAG is considered to be a foundation hallmark for adaptive immunity, and RAG homologues were identified in many jawed vertebrates. Nevertheless, no RAG homologues have been found to date in jawless vertebrates and invertebrates. The sudden acquisition of RAGs, which allowed the immune system to create and deal with diversity, has been described by some as the immunological 'big bang'. 9, 10 In the past few decades, a lot of work has been carried out to elucidate the mechanisms coordinating the adaptive immune system; however, some questions remain unanswered, including the origin of RAG proteins, which ultimately gave rise to the adaptive immune system. A series of excellent reviews on several aspects of RAG biology and V(D)J recombination was recently published. 1, 11 The present review is not the forum for discussing these aspects; instead, it will focus on recent studies on RAG genes and proteins in humans and other vertebrates for which the genome is completely sequenced, and will discuss these in the context of evolutionary genomics, addressing the role of current and future genome projects in understanding the evolution and diversity of the adaptive immune system.
Functional annotation of RAG genes and proteins
RAGs have been extensively studied over the past few decades. 1, 11, 12 The RAG-1 and RAG-2 genes are mapped in the same chromosome, separated by only a few kilobases and placed in opposite orientation to each other. 7 In all mammals, birds and amphibians characterised so far, they have a compact organisation, with no introns; however, interrupted genes have been described in most fish for which RAGs have been identified. 13, 14 Figure 1 illustrates these aspects in RAG-1 genes in human and two animal models. 6, 15 RAG proteins are functionally annotated as 'recombination-activating protein', 'recombinase-activating protein', 'recombinase' or even 'V(D)J recombination-activating protein'. They are conserved in size and sequence. RAG-1 is over 1,000 amino acids in length (1,040 amino acids in the mouse, 1,057 amino acids in zebrafish) and RAG-2 is over 500 amino acids in length (520 amino acids in frog, 528 amino acids in chicken).
Many studies on RAG proteins are conducted in the so-called core proteins, mainly because of the difficulties encountered during protein purification. These core proteins correspond to truncated portions of the RAG proteins, and have catalytic activity. 16 In humans, the core proteins correspond, approximately, to 63 per cent and 73 per cent of RAG-1 (residues 384 -1040) and RAG-2 (1 -387), respectively. Comparisons between full-length and core proteins have revealed important aspects of their function and regulation. 17, 18 Non-core portions of the RAG proteins seem to play important roles in V(D)J recombination that do not influence the specificity of the recombinase site. 17, 18 Catalytic residues were identified in the RAG proteins using different approaches, including sequence analyses, site-directed mutagenesis and functional characterisation of mutant proteins, among others. 19 -21 The RAG-1 protein contains a DDE motif (D600, D708 and E962), which is critical for both DNA cleavage and hairpin formation. 19, 20, 22 Proteins containing the DDE motif are members of the retroviral integrase superfamily, found in bacterial Adapting to a changing world: RAG genomics and evolution Review REVIEW transposases and retroviral integrases. Therefore, RAG proteins, bacterial transposases and retroviral integrases are functionally related, despite the low sequence similarity shared by them.
Most RAG genes and proteins currently listed in the databases have not been genetically or biochemically characterised, but have been assigned a putative function based on standard sequence similarity methods. This common practice in computational functional genomics seems to have worked reasonably well in the case of the RAG datasets, mainly because their high level of sequence similarity, combined with full coverage of the alignments and the absence of paralogues (originated by gene duplication). Multiple copies of the RAG genes and proteins might exist but data remain unpublished. 11 The great majority of RAG genes and proteins found in databases corresponds to partial sequences. In order to find out more about the conserved motifs, critical residues, diversity and potential regulation of RAG-1 and RAG-2, it will be necessary to increase the number of full-length genes and proteins in the databases.
Vertebrate homologues, phylogenetics and evolution
The complete or near-complete sequences of the nuclear genomes of several vertebrates are available in public databases, and many more are underway (http://www.ensembl.org, http://www.genomesonline.org). This extraordinary amount of data creates a platform for comparative analysis and contributes to the understanding of complex biological systems.
RAG-1 and RAG-2 have been identified in a wide range of jawed vertebrates, including human, chimpanzee, mouse, rat, dog, chicken, zebrafish, fugu and tetraodon (http://www. ensembl.org, http://www.genomesonline.org). RAG homologues show high levels of sequence similarity across organisms -for example, 90 per cent between human and mouse. 6 Nevertheless, no RAG homologues have been found to date in jawless vertebrates and invertebrates.
RAG genes have proved to be excellent targets for phylogenetic reconstructions and, in fact, have been extensively applied in studies in a wide range of organisms. 23 -25 Some of the main reasons to choose RAG genes are that: (i) they are composed by long sequences of DNA and protein (providing more sites for statistical analysis); (ii) they show high levels of sequence conservation (helping primer design and use in samples from diverse taxonomic groups); and (iii) there is an absence of introns, as discussed earlier. Moreover, nuclear-encoded genes are under the rules of a different evolutionary context compared with mitochondrial genes and gene products. Like mitochondrial genes, RAG-1 and RAG-2 can be (at least for now) considered as 'perfect' orthologues, which adds another advantage of using them as molecular markers in phylogenetic studies.
All together, these features have promoted RAG genes as suitable markers for phylogenetic reconstruction. Furthermore, RAGs were selected as targets in the Tree of Life project, a huge initiative that claims to decode the relationships between all living organisms. 26 In the search for the Tree of Life, RAG-1 and RAG-2 have been used to study phylogenetic relationships in deep nodes. 23, 24 Figure 2 shows the proposed phylogeny of the major animal lineages, based on molecular data and fossil records, 27, 28 and indicates the occurrence of the RAG genes and proteins in Mammalia, Reptilia (including birds), Amphibia and Actinopterigii (fish), which correspond to the jawed vertebrates.
No significant sequence similarity has been detected between RAG-1 and RAG-2 that could suggest a possible event of gene duplication of a common ancestral RAG gene. 3, 29 
RAG mutation and immunodeficiencies
Experimental scientists use loss-of-function point mutations widely to assess the function of genes, as well as to evaluate their permissiveness to selective pressures. In humans, RAG-1 and RAG-2 are mapped to chromosome 11p13-p12, and extensively studied spontaneous mutations in both genes cause a spectrum of severe combined immunodeficiencies.
Loss-of-function mutations of RAG-1 and RAG-2 lead to disruption of the V(D)J recombination, disturbing T-and B cell development and causing severe combined immune deficiency (SCID). A patient with SCID does not have mature functional T-and B cells (T-B-SCID), disabling this patient's ability to recognise and respond to specific antigens and to develop immunological memory after infections. 30, 31 Mutations of either one of the RAG genes are associated with another immune deficiency, Omenn Syndrome (OS), which is an autosomal dominant disease with variable expressivity and two causative loci. It is frequently lethal in the homozygous condition. OS patients presenting with partial loss of function of RAG lack circulating B cells, but show a small and highly activated population of circulating T cells. These patients also have lymphadenopathy, hepatomegaly, splenomegaly and erythroderma. 31, 32 It is not clear what other factors are involved in the development of one or other immune deficiencies, since they both require mutations of the RAG-1 and/or RAG-2 genes. 30 A study conducted in 45 patients with SCID or OS analysed RAG mutations. 31 Interestingly, the analysed T-B-SCID patients had nonsense, frameshift or null mutations resulting in biochemical changes that abrogated the recombination ability of RAG-1/RAG-2. In patients with de Camargo and Nahum Review REVIEW OS, the authors found a predominance of missense mutations that allowed partial activity of RAG-1/RAG-2. 33, 34 One of these studies has also identified three homozygous missense mutations in RAG-1 in one patient and in RAG-2 in three patients, located outside the RAG core regions. 31 Taken together with recent results from group, another which showed that removal of regions outside the core impaired the processing of recombination substrates, 17 these results point to the possibility that the core region alone accounts for the whole recombination activity.
Up until now, there have been no spontaneous mutations of RAG-1/RAG-2 described in animals other than humans. 35 The closest phylogenetic model available for studies on T-B-SCID is the RAG-1/RAG-2 knockout mouse. 36, 37 These mice have their RAG-1/RAG-2 genes disrupted and do not have circulating T-and B cells. More recently, mutations of RAG-1 in zebrafish have become a second model of choice. 38 Nevertheless, other forms of SCID have been described in other animals, but all of these have been due to defects in proteins downstream of RAG-1/RAG-2 in the V(D)J recombination cascade. SCID in foals is limited to the Arabian breed and is an autosomal recessive disorder due to an absence of DNA-dependent protein kinases (DNA-PKcs) in the cells of these animals. 39, 40 In addition, spontaneous SCID due to DNA-PKcs defects was described in C.B-17 mice of BALB/c origin 41 and in Jack Russell terrier dogs. 42 A third class of spontaneous SCID is found in dogs from the Basset and Cardigan Welsh Corgi breeds and in humans. 43 -45 This form of SCID is linked to the X chromosome and is thus called XSCID or SCID-X1, and involves a mutation on the gene that encodes the common chain of interleukin-2 (IL-2) receptor (also named g chain or gc). As this chain is common to receptors of several interleukins involved in T-and B cell maturation (IL-2, -4, -7, -9, -15 and -21), a defect on this chain disrupts the signalling pathway downstream of these receptors, preventing cell maturation. 44 Regardless of whether their defect affects RAG genes or downstream components of the V(D)J recombination cascade, these animal models teach us how crucial the adaptive immune system -or, in other words, the acquisition of functional RAG genes -is to the survival of complex organisms. The world surrounding us poses constant challenges that must be identified and neutralised, not to mention our own internal challenges, such as the development of cancers.
Relevance and perspectives
In order to have a better understanding of the function, interaction, regulation and evolution of RAG genes and proteins, it is very important to access their full-length sequences and protein structures. Primary sequence analysis may fail to detect distant relationships among proteins, while secondary and tertiary structures might add to the analyses. Most sequences available are partial sequences, and so far no crystal structures have been published for whole RAG proteins.
Dense sampling across diverse taxonomic groups, defining genomic diversity (or biodiversity), can improve phylogenetic reconstruction considerably and give us insights into evolutionary patterns and novelties in the molecular world. 46 As mentioned previously, there is a strong bias in databases towards partial sequences of RAG genes and proteins and also concerning mammals and birds. Evolutionary approaches would benefit tremendously from a rational choice of targets for future genome sequencing projects, especially if the aspects discussed here are taken into consideration.
The study of RAG proteins and other signature proteins of the immune system is relevant for immunomics, an interdisciplinary field that integrates immunology, genomics, proteomics, bioinformatics and related areas. In the 'omics' era, this important approach aims to unravel aspects of the origin, function, regulation and generation of diversity of the immune system.
Understanding the acquisition and evolution of the V(D)J recombination machinery will enlighten us on how the challenges posed by a changing ancient world selected the earliest immune systems. Moreover, these studies will disentangle the present pressures shaping our fellow animals and our own immune systems.
Grasping the diversity of the adaptive immune system, including the function and regulation of its key elementssuch as RAG proteins -is crucial for the design and development of new therapies to modulate immune responses in humans. As researchers continue to study key components of the adaptive immune system, their interaction and regulation, they will be contributing to a better understanding of this important system and for the development of alternative new therapies.
